We report in this paper a temperature sensor based on an asymmetric two-hole fiber (ATHF) using a Sagnac interferometer (SI) configuration. The operation principle is based on the birefringence change induced by the temperature difference between the air holes and the silica fiber. As a result, the transmitted spectrum of the SI exhibits a sinusoidal profile which is shifted when the temperature is increased. A linear wavelength shift as a function of temperature is observed, and a sensitivity of 2.22 nm/°C was achieved using a 2 m long asymmetric THF, which is in the same order as those previously reported using similar microstructured fibers. The advantage of this system is a linear response, the use of a microstructured fiber with a simpler transverse geometry, and the use of bigger holes which can facilitate the insertion of several materials and improve the sensitivity of the sensor for different applications.
Introduction
Optical metrology based on fiber-optic sensors (FOS) is one of the most promissory technologies due to a wide range of applications. FOS advantages over electronic devices are well known such as lightweight, small size, high sensitivity and operation speed, immunity to electromagnetic interference, resistance to chemical corrosion, remote sensing, and the option of multiplexing optical signals. These suitable features have allowed a variety of studies to apply FOS as sensing indicators for temperature, rotation, strain, pressure, level, refractive index (RI), liquid contamination, and so on [1] [2] [3] . The current status, opportunities, and global perspective of FOS are described in [4] [5] [6] [7] .
In terms of novel optical fibers, the microstructured fiber (MSF) is an attractive component due to its fabrication technology, physical properties, and potential use in several photonic devices. The structure of a MSF is formed by an array of air columns within a silica matrix, which extend along the z-axis of the fiber. The size and shape of the holes, their distribution, the insertion of materials into the holes, and the different interferometric arrangements are parameters that allow fabricating of MSF with different structures and geometries. Therefore, this leads to different conditions that optimize the propagation of optical waves along the MSF and enhances its sensing applications [5, [8] [9] [10] [11] [12] [13] [14] . In general, there are two configurations that have been mainly used to design MSF sensors: grating and interferometric-based sensors. In the case of grating-based MSF sensors, Bragg gratings (FBGs) [15] and long-period gratings (LPGs) [16] are inscribed along the MSF; meanwhile, for interferometric geometries, different configurations can be used such as the Mach-Zehnder interferometer [17] , Sagnac interferometer (SI) [18] , Fabry-Pérot interferometer [19] , or Michelson interferometer [20] .
The presence of air holes in MSF and the possibility to be filled with other materials give some important engineering potentials due to improved properties such as high birefringence, large dispersion, and increase in the response to external thermal effects [21] . For instance, temperature measurements have been realized using several types of liquid materials which have been infiltrated into the MSF holes such as isopropanol [22] , ethanol [23] , refractive index-matching oil [24] , alcohol [21] , polymers [25] , and liquid crystals [26] . In addition, selective filling of the holes is also feasible in order to enhance the sensor sensitivity [27] . A simpler transversal MSF structure, employing a combination of two-side holes which have been filled with indium, has been proposed by Kim et al. [28] . Here, the authors report a sensitivity of −6.3 nm/K in the range of 39-110°C using a SI scheme. A similar sensor is reported in [29] , where a sensitivity of −2.58 nm/°C is obtained using two-side holes inserted in a photonic crystal structure which is filled with water. A temperature sensor based on a two-side-hole fiber has been reported by [30] , in which the effect of a crosssectional structure on the birefringence and thermo-optic properties of the side-hole fiber with infiltration of indium metal into the holes are studied by using the SI, where the sensitivity reached is −11.03 nm/K using a 1 m long fiber. As we mentioned before, the liquid insertion in MSF improves the temperature sensitivity. However, they also have several drawbacks that limit their use such as the cost, preform design, hole-matrix fabrication in the MSF structure, and complex technique in the partial or total filling mechanism [31, 32] .
In this paper, we report a fiber-optic temperature sensor fabricated with an unfilled segment of an asymmetric twohole fiber (ATHF) in a SI configuration. The operation principle is based on the birefringence changes on the ATHF induced by the temperature difference between the air holes and the silica fiber when the ATHF is heated. In consequence, a spectral shift of the Sagnac interference pattern is observed and used to measure the external temperature. Experimental results exhibit a sensor sensitivity of 2.22 nm/°C, which is on the same order of previously reported schemes. The linear response, the simple fiber transversal structure, and the use of bigger holes that facilitate the insertion of other materials provide an ideal platform for the development of highly sensitive sensors.
Materials and Methods

Theoretical Considerations.
The SI with birefringent fiber is an attractive and useful component employed for the development of photonic devices in optical communication systems and as a sensor element [33, 34] . The basic architecture of a SI with birefringent fiber is shown in Figure 1 .
The SI is fabricated using a 3 dB fiber coupler, which splits the input signal in two equal parts. These two output fibers coming from the 3 dB coupler are spliced with the birefringent fiber to create a closed loop. When a beam is propagated at the input of the fiber coupler, the optical beam is equally divided and propagates in opposite directions in the loop. Later, both signals arrive back to the fiber coupler output terminals to recombine. The superposition of these beams is well known, and it provides a transmission spectrum with a sinusoidal profile given by [34] 
where L is the length of the birefringent fiber, λ is the wavelength of the input beam, and θ 1 and θ 2 are the angles between the light at both ends of the birefringent fiber with respect to the fast or slow axis of the fiber, respectively. The birefringence β, defined by the difference in refractive indexes along the fast axis (n y ) and the slow axis (n x ), can also be related in terms of the wavelength spacing spectrum (Δλ) as follows [35] :
From (2), we can notice that changes in wavelength spacing or spectral shift will be observed when the birefringence is modified by an external perturbation such as temperature.
Experimental Description.
The temperature measurements were carried out using the experimental setup shown in Figure 2 . The system consists of a Thorlabs superluminescent laser diode (JDSU emitting from 1450 to 1630 nm and centered in 1545 nm) which is used as the input optical signal into the interferometer. The SLD was operated using current and temperature controllers, Thorlabs LDC220C and TED200C, respectively, in order to avoid intensity fluctuations from the optical source. The SI was fabricated with a 3 dB splitter connected to the ATHF segment (length L = 2 m) by fusion splicing. The ATHF was manufactured at Acreo Fiberlab (Kista, Sweden). A standard electric arc fusion splicer was used for this purpose (Fujikura model 70S). Into the loop, a manual polarization controller (PC) is incorporated (Thorlabs, LC-900) in order to control the polarization propagating into the loop. The transmitted spectrum from the SI was measured with an optical spectrum analyzer, OSA (Anritsu, MS9740A). The ATHF segment was placed into an ultrasonic bath filled with water (Branson, model 3800 CPXH) which includes a temperature controller with a temperature resolution of 1°C.
The cross section of the ATHF used as the sensing element is shown on the right side of Figure 2 . The diameters of the cladding are 125 μm and 5.6 μm for the core. Two holes 
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Journal of Sensors (with diameters A = 29 μm, B = 27 μm) are asymmetrically located into the fiber: the center of hole A is located at 27 μm from the center of the fiber core while the center of hole B is located 20 μm away from the center of the fiber core. We should highlight that the hole diameters are larger to facilitate the insertion of other materials. Nevertheless, the splicing to standard single-mode fibers (SMF) was performed using standard splicing procedures. When a broadband source is used to interrogate the ATHF, a sinusoidal response is obtained on the transmitted spectrum. In Figure 3 , we present the SI spectra for two different ATHF lengths at room temperature. In Figure 3 (a), we observe the characteristic transmission spectra of a SI for L = 5 m. In this case, the separation obtained between dip 1 and dip 2 provides a fringe separation of approximately Δλ = 31.5 nm. Under these conditions and using (2), the birefringence is estimated to be β = 1 3127 × 10 −5 . For experiments where a single dip will be monitored, we selected an ATHF with a shorter length (L = 2 m) into the SI, which increased the separation between consecutive dips as shown in Figure 3(b) . In this case, the estimated birefringence obtained by using (2) was reduced to a value of β = 7 9546 × 10 −6 . We believe that such small birefringence difference can be related with small variations of the transverse position of the holes along the ATHF. With these conditions, we proceed to perform the characterization of the interferometric system with respect to temperature.
Results and Discussion
Once the fiber length for the SI was defined, we placed the ATHF inside a thermal bath. This system allows controlled temperature increments with small intervals of ΔT = 2°C from the room temperature (20°C). Figure 4(a) shows the transmitted spectrum of the SI, corresponding to a temperature increment from 20°C to 40°C, with temperature intervals of 4°C. At each temperature increment, we acquire the respective transmission spectra by using an OSA.
From the transmission spectra at room temperature, we select a dip situated in a 1546.12 nm, black line in Figure 4 (a), as the initial reference position. When the temperature is increased, the position of the dip is shifted to longer wavelengths. This is due to the temperature difference between the air holes and the rest of the silica fiber when the ATHF is heated in the water bath. In consequence, birefringence is also changed and the transmitted spectrum is also modified, which can be monitored by following the spectral shift of the selected dip. The wavelength shift as a function of the applied temperature is shown in Figure 4(b) , and a good linear approximation can be considered. Under For comparison purposes, we performed similar experiments using a commercial polarization-maintaining fiber (PMF) using the same interferometric configuration. In this case, we replace the ATHF in the SI setup with a segment of PMF (Thorlabs, model PM1550-HP, operating wavelength 1440-1625 nm) with a length L = 10 cm. This length of fiber produces a similar transmission spectrum as the ATHF, a pair of dips in the wavelength range of the study, as shown in Figure 3(b) . By monitoring the wavelength shift of the dip as a function of temperature, we can obtain the sensitivity of the commercial PMF. As shown in Figure 5 , the wavelength shift as a function of temperature also exhibits a linear response and can be easily approached to a linear fitting, which provides a slope of −2.54 nm/°C. This value is of similar order to the one obtained for the ATHF. However, we consider that the ATHF fiber has an advantage because it offers the possibility of increasing the thermal sensitivity if the holes are filled with a suitable thermo-optic material. In Table 1 , different techniques using MSF filled with different materials are summarized. We can observe that by properly filling the holes of the MSF, it is possible to increase the sensitivity of the MSF sensor. In addition, our ATHF has bigger holes which can facilitate the insertion of several materials and improve the sensitivity of the sensor for different applications.
Conclusions
A fiber-optic sensor based on an ATHF was demonstrated using a SI configuration, and the optical characteristics of the sensor were experimentally investigated. The wavelength response as a function of the applied temperature exhibits a linear response with a sensor sensitivity of around 2.22 nm/°C. Although this value is of similar order to the ones previously obtained with similar MSF structures, we believe that the proposed ATHF fiber has an advantage because it offers the possibility of increasing the thermal sensitivity if the holes are filled with a suitable thermo-optic material. In this respect, the ATHF has bigger holes as compared to similar two-hole fiber configurations, which can facilitate the insertion of several materials and improve the sensitivity of the sensor for different applications. 
